Allozymic and morphometric studies were carried out on ten populations of Syngonanthus mucugensis (Eriocaulaceae), a species from north-eastern Brazil threatened by extinction. Genetic and morphological variability was low or moderately low in all populations, being lower in populations from Rio de Contas/Catolés ( P L = 14.3-21.4, A = 1.1-1.2, H e = 0.026-0.059, D2M = 26.893-33.157) than in those from Mucugê ( P L = 28.6-35.7, A = 1.3-1.5, H e = 0.078-0.164, D2M = 28.999-45.077). A high coefficient of endogamy ( F is = 0.257) was found, which can be explained by the reproductive characteristics and distribution of the species. The values for genetic and morphological structuring ( F st = 0.512 and A MRPP = 0.175, respectively) were high as a result of the differentiation between populations from the two areas. The mean genetic identity between populations from the two areas (0.812) was much lower than between populations from the same area (Mucugê, 0.980; Rio de Contas/Catolés, 0.997). These results indicate that we are dealing with two distinct taxa and, as a result of the nature of the morphological differences found, a new subspecies is described for the populations of the region of Rio de Contas and Catolés, Syngonanthus mucugensis ssp. riocontensis . Such conclusions raise important implications for the conservation of Syngonanthus mucugensis , and will be used in the drawing up of management plans for its conservation.
INTRODUCTION
The Espinhaço range is the principal mountain chain in eastern Brazil, extending for more than 1000 km from north to south, from the middle of Minas Gerais State to the central-north of Bahia state. It consists of two main regions: the Diamantina plateau in Minas Gerais and the Chapada Diamantina in Bahia. In these areas, the vegetation above an altitude of 900 m is known as 'campo rupestre', which is characterized by the occurrence of sandy and stony soils with herbaceous and shrubby vegetation in islands of outcropping, usually quartzitic, rock. The campos rupestres are renowned for their species richness with many endemic elements, especially at the species level Giulietti, Pirani & Harley, 1997) . As a result of the discontinuity between these mountain ranges, a large proportion of the species that occur there are found as disjunct populations. This disjunction has been cited as one of the main factors in the differentiation of populations, leading to the high degree of endemism found in such areas Harley, 1988; Borba et al ., 2001; Jesus et al ., 2001) . It has been estimated that 30% of the campo rupestre taxa are restricted to this vegetation type, with certain taxonomic groups, especially Eriocaulaceae and Velloziaceae, showing particularly high levels of species richness and endemism, and whose centres of diversity are to be found in these formations (Giulietti et al ., 1997) . According to , the Eriocaulaceae present an interesting distribution pattern, also shared by other groups, characterized by endemism and microendemism.
The genus Syngonanthus Ruhl. (Eriocaulaceae) contains about 200 species, distributed in the Americas and Africa, with the greatest number occurring in South America, and with a high degree of endemism in Brazil. Syngonanthus and, especially, Sect. Eulepis , with their beautiful flower-heads, are popularly known as 'sempre-vivas' (Lazzari, 2000) . Amongst the species of this group, which are restricted to the Chapada Diamantina, is Syngonanthus mucugensis Giul. which, owing to its ornamental value, has been over-exploited by local communities as an alternative source of revenue . Flowering scapes are collected before the fruits have developed, thus seriously affecting seed production . The extraction of these plants from wild populations, together with their restricted distribution, is resulting in this and other species of Eriocaulaceae becoming seriously threatened with extinction. Although other species of 'sempre-vivas' are to be found in Mucugê, it is this species which presents the greatest volume of commercialization in the region, and which is one of the species available for export for decorative purposes Lazzari, 2000) .
In Mucugê, populations of this species form patches on the tops of the mountains between 1100 and 1500 m. Such populations were mapped and categorized [Good, Fair (Regular) , Poor, Almost Extinct, and Extinct] with regard to their conservation status by the Projeto Sempre-viva (directed from the Municipal Park, which is maintained by the Mucugê Corporation). Of the populations on record, 17.5% of those examined were found to be in the last two categories. Although the Brazilian Institute for the Environment (IBAMA) has prohibited the collection and commercialization of this species, these activities are still continuing at an unacceptable level. Unfortunately, in spite of various attempts, it has not yet been proven to be possible to raise the plant in cultivation on a commercial scale that would help to diminish the threat of its extinction in the wild, apparently because the plants must be infected by specific mycorrhiza and are sensitive to pH and soil characteristics (Paixão-Santos et al ., 2003 , 2006 Silva et al ., 2005a Silva et al ., , 2005b . Giulietti (1996) , in the original publication of this species, treated it as a microendemic, restricted to Mucugê, on the eastern side of the Chapada Diamantina. However, Lazzari (2000) recognized other areas, in Catolés and Rio de Contas, on the western side of the Chapada, where she considered that S . mucugensis also occurred. Such an amplification of the species range would theoretically help to reduce the threat of its extinction. Lazzari (2000) mentioned certain morphological differences that distinguish these plants from those from Mucugê, notably differences in the size of the leaves, spathes, scapes, and capitula, these structures being larger in plants from Mucugê than in those from Catolés. In spite of these differences, Lazzari did not propose the recognition of the latter plants as a new taxon, as many of the vegetative and floral characters appeared to be similar in both groups. She suggested that further studies would be needed to elucidate this question.
In this work, the variability and differentiation between populations from different localities were evaluated using genetic and morphological analyses, with the intention of clarifying the taxonomy of the species and, consequently, its actual distribution. Such information will aid in the diagnosis of the conservation status of the species, with a view to developing a management plan for its conservation. With this aim, an investigation of genetic variability was carried out using allozyme markers, and a morphological analysis was performed using a multivariate morphometric technique; the results from both analyses were correlated. Until now, no such studies on Eriocaulaceae have been performed, but they have already been employed in the Espinhaço range for other groups, such as Orchidaceae and Cactaceae, producing results that have been proven to be useful in taxonomy, conservation, and for an understanding of evolutionary processes and biogeographical patterns (Borba et al ., 2001 (Borba et al ., , 2002 Jesus et al ., 2001; Lambert, Borba & Machado, 2006a; Lambert et al ., 2006b ). This study is part of a project, developed by our group, on the conservation and management of species of Eriocaulaceae and other groups of plants in the Chapada Diamantina, which are threatened by extinction as a result of over-collecting; it brings together studies on demography, reproductive biology, variability, propagation, and ethnobotany.
MATERIAL AND METHODS S PECIES AND POPULATIONS SURVEYED
Plants of S. mucugensis (Fig. 1 ) used for this study were sampled from ten natural populations at three localities in the Chapada Diamantina, Bahia: Mucugê (six), Rio de Contas (three), and Catolés (one) (Fig. 2 Ridgway, Sherburne & Lewis, 1970) . Standard horizontal electrophoresis was performed until the inner marker (bromophenol blue) reached 9 cm from the application site using the following running conditions: system 1, 25 and 13 mA; system 2, 150 V; system 3, 25 mA.
Eleven enzymatic systems gave sufficient resolution for reading and were used: buffer system 1: esterase (EST; EC 3.1.1.1), acid phosphatase (ACP; EC 3.1.3.2), leucine aminopeptidase (LAP; EC 3.4.1.1), hexokinase (HK; EC 2.7.1.1), 6-phosphogluconate dehydrogenase (6PGD; EC 1.1.1.44), glucose-6-phosphate dehydrogenase (G6PD; EC 1.1.1.49); buffer system 2: malate dehydrogenase (MDH; EC 1.1.1.37); buffer system 3: phosphoglucomutase (PGM; EC 2.7.5.1), phosphoglucoisomerase (PGI; EC 5.3.1.9), isocitrate dehydrogenase (IDH; EC 1.1.1.42), shikimic dehydrogenase (SKDH; EC 1.1.1.25). The staining procedures were similar to, but slightly adjusted from, those of Alfenas et al. (1991; SKDH) (1991; IDH, 6PGD, and PGI), and Soltis et al. (1983; PGM and MDH) .
Enzymatic systems showing more than one locus were numbered in ascending order from the locus with the lowest mobility. The alleles were numbered according to their mobility relative to the allele of a standard individual of S. mucugensis present in all gels and designated as 100. The allelic frequencies were determined by manually counting the banding patterns of the homozygotes and heterozygotes stained in the gels. The genetic variability for each population was estimated using the following parameters: proportion of polymorphic loci (P L ; 0.95 criterion), mean number of alleles per locus (A), and observed (H o ) and expected (H e ) mean heterozygosity per locus. Departures from the expected mean heterozygosity under Hardy-Weinberg (HW) equilibrium were tested using χ 2 , with a correction for small samples according to Levene (1949) . Partitioning of genetic diversity between conspecific populations was estimated by F statistics (F is , the inbreeding coefficient, measures the decrease in heterozygosity as a result of nonrandom mating within a population; F st , the fixation index, measures the differentiation between populations; Wright, 1978) . Cluster analysis was performed using the genetic distance matrix [Nei's (1978) unbiased genetic distance] of the populations employing the unweighted pair-group method of arithmetical averages (UPGMA) (Sneath & Sokal, 1973) . All analyses were performed using the BIOSYS 1.0 software package (Swofford & Selander, 1989) , except for the cluster analysis which was performed in Statistica 5.5 (Statsoft, 2000) .
MORPHOMETRIC ANALYSIS
Forty-two continuous and discontinuous flower characters were measured (Table 2 ). Owing to the minute size of the flowers, they were dissected and then drawn with the aid of a stereomicroscope equipped with a camera lucida, and measurements were then made from the drawings for greater precision. Discriminant analysis was conducted for all characters. The standardized coefficients for canonical variables resulting from discriminant analysis were used to identify the characteristics that contributed most significantly to the resulting patterns observed. Cluster analysis for the populations was carried out using the Mahalanobis generalized distance calculated from the pooled residual covariances within the group matrix and UPGMA as the clustering algorithm. The median values of the Mahalanobis generalized distance were calculated from the individuals to the centroid of their population (D2M), and a nonparametric variance analysis was carried out using the Kruskal-Wallis test. A multiresponse permutation procedure (MRPP) analysis was used to calculate the average withingroup distance (mean Euclidean distance, ED) for all populations and the chance-corrected within-group agreement (A MRPP ) between populations. The D2M and ED values were used as measurements of morphological variability, and A MRPP as a measurement of the morphological differentiation of conspecific populations, and correlated with F st (Borba et al., 2002; Lambert et al., 2006a Lambert et al., , 2006b ). The two indices of morphological variability are essentially different, as D2M is more affected by the form and ED is more affected by the size of the characters (Lambert et al., 2006a (Lambert et al., , 2006b ). Discriminant analysis and cluster analysis were carried out using Statistica 5.5, MRPP was run using PCOrd 4. 10 (McCune & Mefford, 1999) , and variance analysis was performed using BioEstat 3.0 (Ayres et al., 2003) . For all characters, a univariate analysis was also performed of the average values of the pooled individuals of Mucugê and the pooled individuals of Rio de Contas and Catolés by the t-test using Statistica 5.5.
CORRELATION ANALYSIS
An analysis of Spearman's nonparametric correlation was carried out between the genetic variability (H e ) and morphological variability (ED and D2M). This analysis was run in Statistica 5.5. The Mahalanobis generalized distance matrix was compared with matrices of Nei's distance (Nei, 1978) and the geographical distance of the populations using the Mantel test, with the Monte Carlo option of PCOrd (1000 randomizations). The pair-wise geographical distances between the populations were computed with geodetic distances on WGS84 ellipsoid, calculated using the INVERSE 2.0 program (National Geodetic Survey, 2002) .
RESULTS

GENETIC VARIABILITY
Using 11 enzymatic systems, 14 loci were obtained that presented good resolution and were used in this study (Table 3) . Three loci were monomorphic for all the populations studied (PGI-1, MDH-1, and EST-3), but most were polymorphic. PGM, ACP, and LAP presented the highest polymorphism, with three alleles. All populations, except R2 and C1, presented three alleles in at least one of the most polymorphic loci. Two diagnostic loci were found (PGI-2 and IDH), presenting fixed exclusive alleles for populations from Mucugê and for populations from Rio de Contas/ Catolés. Five loci (6PGD, LAP, HK, EST-1, and EST-2) did not present activity for the Rio de Contas/Catolés populations. The populations M3, M5, and M6 presented specific rare alleles in the systems 6PGD, Involucral bracts Number of series of bracts* 11.8 ± 1.6 (9.0-16.0) 9.7 ± 1.5 (7.0-16.0) Bract length of the outermost series* 4.9 ± 0.6 (3.6-6.7) 2.4 ± 0.4 (1.7-3. SKDH, and LAP, respectively. The allele PGM-82 was found in only three populations, M1, R1, and R3, always at low frequency. All populations presented low degrees of genetic variability, considering the parameters analysed. The percentage of polymorphic loci (P L , 0.95 criterion) ranged from 14 to 35%, the mean number of alleles per locus (A) between 1.1 and 1.5, and the mean expected heterozygosity (H e ) from 0.026 to 0.164 (Table 4 ). In general, populations from Rio de Contas/Catolés showed the lowest variability.
Of the ten populations, only one (M2) did not show significant deviation from the expected values in HW equilibrium in all loci, and two (R2 and C1) showed significant deviation from these equilibria in all loci. No locus was in equilibrium in all populations, even considering the two regions separately, except ACP in Mucugê. Three loci were not in equilibrium in any of the populations (6PGD, MDH-1, and SKDH), although these were polymorphic in only one (SKDH and 6PGD) and three (MDH-1) populations. All the polymorphic loci that were not in equilibrium showed a deficiency of heterozygotes, except EST-2 in population M1, which was reflected in the elevated F is (Table 5 ).
MORPHOLOGICAL VARIABILITY
The morphological variability, represented by the median Mahalanobis generalized distance (D2M) and the mean Euclidean distance (ED), showed that the Mucugê populations contained higher variability levels than those of Rio de Contas and Catolés, with the exception of population M3, which showed the lowest variability of any of the Mucugê populations (Table 4 ). An analysis of variance confirmed the greater variability of the Mucugê populations and indicated that the Rio de Contas and Catolés populations showed a similar degree of morphological variability. Spearman's test showed that there was a correlation between the genetic (H e ) and morphological variability, as given by 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 (N)  1  1  2  1  2  1  8  8  3  2 5   Locus  M1  M2  M3  M4  M5  M6  R1  R2  R3  C1 ACP, acid phosphatase; EST, esterase; G6PD, glucose-6-phosphate dehydrogenase; HK, hexokinase; IDH, isocitrate dehydrogenase; LAP, leucine aminopeptidase; MDH, malate dehydrogenase; N, sample size; 6PGD, 6-phosphogluconate dehydrogenase; PGI, phosphoglucoisomerase; PGM, phosphoglucomutase; SKDH, shikimic dehydrogenase. A, mean number of alleles per locus; D2M, median Mahalanobis generalized distance of the individuals to the centroid of the population; ED, mean Euclidean distance between the individuals of the population; H e , expected mean heterozygosity per locus ( Nei, 1978; unbiased estimate) ; H o , observed mean heterozygosity per locus ( Nei, 1978; unbiased estimate) ; N, mean sample size per locus; P L , percentage of polymorphic loci.
the median Mahalanobis generalized distance (r = 0.672; P = 0.033), although such a correlation was not shown to be statistically significant (r = 0.394; P = 0.259) when the mean Euclidean distance was used as a coefficient of variability (Fig. 3) .
GENETIC AND MORPHOLOGICAL STRUCTURE
Considering all populations, S. mucugensis showed a high F st , mainly as a result of the loci PGI-2 and IDH, which were diagnostic in the identification of the Table 1 for the names of the populations. populations by locality. This fact became apparent when F st was calculated separately for each locality, this value being greater for the Mucugê populations (Table 5 ). In the same way, the A MRPP values, taking all the populations together, were greater (A MRPP = 0.175) than when the populations were analysed separately, with the greatest values shown by those from Mucugê relative to those from Rio de Contas and Catolés. The higher F st and A MRPP values for Mucugê indicated a greater genetic and morphological differentiation between the populations here than for the other localities. The differentiation of population M1 was mainly responsible for the high value of F st in this locality, whereas M3 was responsible for the high value of A MRPP .
PHENETIC RELATIONSHIPS
The genetic identity between the Mucugê populations was greater than 0.94, whereas that between the Rio de Contas and Catolés populations was over 0.99 (Table 6) , indicating a slightly greater similarity between the populations of the latter region, as can be seen in the dendrogram (Fig. 4A) . The classification matrix obtained from discriminant analysis showed a percentage of correct classifications of individual plants, in relation to the population from which they came, of 80-100%. Observed errors of classification arose exclusively between populations from the same locality, and the greater part of these occurred between populations from Rio de Contas/Catolés, demonstrating greater similarity between these populations (Table 7) .
The analysis of canonical variables showed, in the first axis, two distinct groups: one formed by the Mucugê populations and the other by those from Rio de Contas and Catolés. In the second axis, populations M5 and M6 were differentiated from the remainder of those from Mucugê (Fig. 5A) . The third axis provided evidence of the distinctiveness of population M3 (Fig. 5B) . The characters responsible for the differences shown in the discriminant analysis were, in the first axis, mainly those related to the length and width of the involucral bracts, showing a negative and positive correlation with the axis, respectively; in the second axis, the differentiation was mainly a result of the length and width of the sepals and petals in the staminate flowers, showing a negative and positive correlation, respectively; in the third axis, the differentiation was mainly caused by characters related to style and column size in pistillate flowers, both correlated positively with the axis. The difference between populations was statistically significant with P < 0.01, except for R2 and R3 (P = 0.0437). Table 6 . Matrix of mean genetic identity (Nei, 1978; unbiased estimate) Table 7 . Classification matrix of the individuals in the discriminant analysis of 42 morphological characters in ten populations of Syngonanthus mucugensis occurring in the Chapada Diamantina, Brazil. See Table 1 for the names of the populations Total  92  22  18  19  22  18  21  19  18  22  21 The majority of the 42 morphological variables showed statistically significantly different mean values between the two areas (Mucugê and Rio de Contas/Catolés) for P < 0.01 (N = 30) or P < 0.05 (N = 34) in the t-test (Table 2) . In these cases, the populations from Rio de Contas and Catolés generally presented lower values than those from Mucugê.
The structure observed in the analysis of canonical variables was reflected in the dendrogram of the Mahalanobis distance between populations, providing further evidence of the large morphological differentiation between the Mucugê and Rio de Contas/Catolés populations, and the greater similarity between populations from the latter region when compared (Nei, 1978; unbiased estimate) based on 14 allozymic loci (A) and the matrix of the Mahalanobis generalized distance based on 42 morphological c haracters (B) with the unweighted pair-group method of arithmetical averages (UPGMA) as clustering algorithm. See Table 1 for the names of the populations. Table 1 for the names of the populations.
with those from the former (Fig. 4B) . It was also found that population M3 could be differentiated from the other Mucugê populations, the latter forming two subgroups. Mantel's test demonstrated a significant correlation between the Mahalanobis generalized distance and Nei's genetic distance (r = 0.711; P = 0.003), and between Nei's genetic distance and the actual geographical distance between populations (r = 0.711; P = 0.001). However, no significant correlation was observed between the Mahalanobis generalized distance and the geographical distance (r = 0.038; P = 0.342).
DISCUSSION STRUCTURE AND VARIABILITY
From the parameters of variation considered, the populations of S. mucugensis from Rio de Contas/Catolés showed low values in relation to the mean values reported for plants with similar characteristics (monocotyledons, herbs, endemic species, plants with winddispersed seeds and sexual reproduction). The Mucugê populations, however, showed values that were low but compatible with those found by Hamrick & Godt (1990) . Some species belonging to families related to the Eriocaulaceae, such as the Poaceae, also show low indices of genetic variability (Novak, Mack & Soltis, 1991; Wang, Wendel & Dekker, 1995a , 1995b Godt, Johnson & Hamrick, 1996) . The low variability in these cases could be a result of the genetic marker used; therefore, other genetic markers with greater resolution in detecting variability should be employed to verify whether the low indices that were originally found are maintained.
The endogamy coefficients (F is ) obtained were high, considering that the species is monoecious and that there is no temporal overlap in flowering period between pistillate and staminate flowers in the same capitulum (Ramos, Borba & Funch, 2005) . However, this situation was not observed between flowers of different capitula from the same individual, which favours geitonogamy, as the plants are self-compatible (Ramos et al., 2005) . S. mucugensis is pollinated mainly by insects that fly short distances between visits (Diptera, Fig. 1B) , which results in a large number of geitonogamous crosses or crosses between closely related individuals. Considering that seed dispersal is normally over short distances, the resulting pattern of distribution of individuals is of family clusters within a population (Ramos et al., 2005) . Such conditions favour endogamy and could explain the high F is values obtained.
The high values obtained for the genetic (F st ) and morphological structure for this species, considering all the populations studied, indicate a large overall differentiation between populations from the two areas, as can be seen from a comparison of the structure values obtained when analysing the two localities separately. The genetic structure of the Mucugê populations is influenced principally by that of population M1, as a result of an inversion in the frequency of alleles 100 and 125 in the LAP enzyme system. With regard to the morphological structure, population M3 stands out, showing the greatest differentiation from the others from Mucugê, as well as displaying the least morphological variability. This population, although not the smallest visited, was found to be substantially degraded, mainly as a result of indiscriminate collecting.
With the use of allozyme markers for species of Acianthera (formerly Pleurothallis subgenus Acianthera, Orchidaceae; Borba et al., 2001) , and for Proteopsis argentea (Asteraceae) (Jesus et al., 2001) , both restricted to the Cadeia do Espinhaço, recent studies have found moderate to high levels of genetic structure, associated with a disjunct geographical distribution of their populations, also reflected in their morphological structure (Borba et al., 2002) . Species endemic to this mountain range, with small and fragmented populations, such as P. argentea, have shown reduced genetic diversity within and increased differentiation between populations. In this species, two very close populations in the Serra do Cipó, separated by less than 2 km, show frequent inverted alleles and alleles restricted to only one of the populations (Jesus et al., 2001) . By contrast, Borba et al. (2001) found an unexpectedly high level of genetic variability in many populations studied, and a low to moderate differentiation between populations of the same species. In Discocactus zehntneri Britton & Rose (Cactaceae), another species restricted to the Cadeia do Espinhaço, Machado (2005) also found high F st and A MRPP values, reflecting genetic and morphological differentiation of its populations. These were associated with a north/ south disjunction in the geographical distribution. Similar results have been obtained by Lambert et al. (2006a Lambert et al. ( , 2006b ) for species of Melocactus, another genus of Cactaceae.
TAXONOMIC CIRCUMSCRIPTION AND CONSERVATION
This study is the first to involve populations from the Chapada Diamantina with an east/west disjunction, the municipalities of Rio de Contas and Abaíra (Catolés is a district of the latter) being situated on the western side of the Cadeia do Espinhaço, with Mucugê located in the east. These three localities are characterized by their floristic richness, with a large number of endemic species (Harley & Simmons, 1986; Stannard, 1995; Menezes & Giulietti, 2000; Zappi et al., 2000; Souza, 2001) . must take into consideration the occurrence of two possibilities: (1) the genetic variability of the subspecies is naturally low; and (2) the studied populations are genetically depauperate. In both situations, we recommend a search for new populations and an assessment of their variability. If the second hypothesis is confirmed, the genetic improvement of the populations should be considered. However, improvement of the populations of this subspecies using individuals from the populations of Mucugê should never be considered. Conversely, if a naturally low variability is confirmed, a project that ensures the conservation of this new taxon should be designed, because this condition makes these plants vulnerable to indiscriminate collection and to habitat destruction by human activities.
